Background {#Sec1}
==========

Materials with large magnetic moments and strong perpendicular magnetic anisotropy (PMA) are of great interest due to their potential applications in next-generation high-density non-volatile memories and high thermal stability logic chips \[[@CR1]-[@CR6]\]. Numbers of materials with strong PMA have been explored during the past decades, such as L1~0~-ordered (Co,Fe)-Pt alloys \[[@CR7]-[@CR9]\], Co/(Pd,Pt) multilayers \[[@CR10]-[@CR12]\], and *D*0~22~-ordered Mn~3−δ~Ga \[[@CR13],[@CR14]\]. However, none of them satisfy the high thermal stability, low switching current, and high tunnel magnetoresistance (TMR) ratio at the same time. Recently, FeCo alloys with high saturation magnetization, high Curie temperature, good permeability, and large magnetocrystalline anisotropy energy have been paid great attention \[[@CR15]\]. The large values of uniaxial magnetocrystalline anisotropy energy (*K*~u~) and saturation magnetization (*M*~s~) were first predicted by Burkert et al. via first-principles calculations \[[@CR16]\] and then verified by experiments \[[@CR17],[@CR18]\]. Particularly, S. Ikeda et al. obtained Ta/FeCoB/MgO/FeCoB/Ta perpendicular magnetic tunnel junctions with high TMR ratio (over 120%), high thermal stability at a dimension of 40 nm diameter, and a low switching current of 49 μA \[[@CR19]\], revealing a promising building block for future high-density memories. After that, lots of experiments based on Fe~1−*x*~Co~*x*~/MgO magnetic tunnel junctions have been performed to explore the influence of growth regulation, electric field, Fe-Co proportion, and so on \[[@CR20]-[@CR23]\]. Though it has been proved by experiments that Fe-rich Fe~1−*x*~Co~*x*~B/MgO structures have larger PMA than their Co-rich counterparts, there is short of theoretical guidance for optimizing Fe-Co proportion, and the inherent origin of PMA in Fe~1−*x*~Co~*x*~B/MgO is still unclear.

In this work, we investigated the amplitude of PMA depending on the cobalt composition and explored the origin of PMA in Fe~1−*x*~Co~*x*~/MgO magnetic tunnel junctions via first-principles calculations. Second-order perturbation theory was adopted to illustrate the contributions from Fe and Co atoms to PMA. The differential charge density at the sites where Co atoms take the place of Fe atoms was calculated to give an intuitive comparison of 3*d* orbital occupancy. By adjusting the cobalt composition, the density of states (DOS) will be modulated, and strong PMA will be obtained with an optimized combination of occupied and unoccupied 3*d* states around the Fermi energy (*E*~F~).

Methods {#Sec2}
=======

We performed first-principles density-functional calculations using the Vienna *ab initio* simulation package (VASP) with the consideration of the spin-orbit interactions. For the electronic exchange-correlation and electron-ion interaction, we adopted the spin-polarized generalized gradient approximation (GGA) \[[@CR24]\] and the projector-augmented wave (PAW) potential \[[@CR25]\], respectively. A 9 × 9 × 1 *k*-point mesh was used with the energy cutoff equal to 500 eV. Four 2 × 2 supercells with different Co concentrations were considered in this work: Fe/MgO(001), Fe~12~Co~4~/MgO(001), Fe~10~Co~6~/MgO(001), and Fe~8~Co~8~/MgO(001) (Figure [1](#Fig1){ref-type="fig"}). The configurations of FeCo alloys were given as their ground states according to previous work, i.e., L6~0~-Fe~12~Co~4~, Fe~10~Co~6~, and B2-Fe~8~Co~8~ (CsCl type) \[[@CR26]\]. Along the *z*-axis, there were three MgO monolayers, four Fe~1−*x*~Co~*x*~ monolayers and 15 Å vacuum. Each supercell includes 40 atoms. The bottom MgO monolayer was fixed as bulk, and the in-plane lattice constant of the supercell was fixed at $\documentclass[12pt]{minimal}
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                    \end{document}$ (cubic MgO: *a* = 4.212 Å) since a thin ferromagnetic layer was used. All the other layers were fully relaxed until the largest force between the atoms worked out to be less than 1 meV/Å. The magnetic anisotropy energy (MAE) was calculated by taking the difference between the total energy of the magnetization oriented along the in-plane \[100\] and out-of-plane \[001\] directions based on the force theorem.Figure 1**Schematics of the calculated structures. (a)** Fe/MgO, **(b)** Fe~12~Co~4~/MgO, **(c)** Fe~10~Co~6~/MgO, and **(d)** Fe~8~Co~8~/MgO. Fe, Co, Mg, and O atoms are represented by yellow, blue, green, and red balls, respectively.

Results and discussion {#Sec3}
======================

The calculated MAE in Fe~1−*x*~Co~*x*~/MgO (*x* = 0, 0.25, 0.375, 0.5) configurations are listed in Table [1](#Tab1){ref-type="table"}. Fe/MgO, Fe~12~Co~4~/MgO, and Fe~10~Co~6~/MgO have a positive MAE of 4.2, 7.1, and 3.3 meV, respectively, indicating the preference of out-of-plane magnetization. However, Fe~8~Co~8~/MgO has a negative MAE of −17.1 meV, showing an in-plane easy magnetization. In Fe~8~Co~8~/MgO, the interfacial Fe atoms are replaced by Co atoms, and the calculated magnetic moment of O atoms in Co-O bonds is 0.013 μ~B~, only half of that in Fe-O bonds (0.025 μ~B~), indicating the reduced transition metal-oxygen hybridization. As revealed by Yang et al., the hybridization between Fe and O atoms at interface greatly contributed to PMA in Fe/MgO \[[@CR27]\]. Thus, the attenuated interface hybridization in Fe~8~Co~8~/MgO may be an origin of the in-plane easy magnetization. Furthermore, for FeCo monolayers epitaxially grown on MgO (001), the in-plane lattice is enlarged to match that of MgO(001) (*a* = 2.97 Å), while the out-of-plane lattice is shortened to 2.71 Å, leading to a *c*/*a* ratio of 0.91. It has been reported that the MAE reduces as the *c*/*a* ratio decreases and becomes negative when it is smaller than 1 for B2-FeCo alloy \[[@CR28]\]. Hence, a negative MAE is anticipated in Fe~8~Co~8~/MgO. In a word, the replacement of interface Fe atoms with Co atoms and the small *c*/*a* ratio in Fe~8~Co~8~/MgO accounts for the in-plane magnetization.Table 1**MAE values and interfacial distances of Fe-O and Co-O bonds in Fe** ~1−x~ **Co** ~x~ **/MgO systemsDistance (Fe-O Ǻ)Distance (Co-O Ǻ)MAE (meV)**Fe/MgO2.136\\4.2Fe~12~CO~4~/MgO2.0732.1647.1Fe~10~CO~6~/MgO2.0792.1273.3Fe~8~CO~8~/MgO\\2.103−17.1

Note that Fe~12~Co~4~/MgO has the largest PMA value, implying that a proper Fe-Co combination will enhance PMA. It has been reported that the PMA is dominated by the interfacial anisotropy in Fe~1−*x*~Co~*x*~/MgO systems \[[@CR19]\]. Furthermore, the Fe-O hybridization makes the primary contribution to PMA in Fe/MgO systems. As shown in Table [1](#Tab1){ref-type="table"}, the Fe-O distances in Fe/MgO, Fe~12~Co~4~/MgO, and Fe~10~Co~6~/MgO are 2.136, 2.073, and 2.079 Å, respectively. The change of the Fe-O distance will cause the reconstruction of the electronic structure of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}
                        $$ \mathrm{F}\mathrm{e}\hbox{-} {d}_{z^2} $$
                    \end{document}$ around the *E*~F~. Figure [2](#Fig2){ref-type="fig"} shows the DOS of $\documentclass[12pt]{minimal}
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                    \end{document}$ and O-*p*~*z*~ orbitals at Fe/MgO, Fe~12~Co~4~/MgO, and Fe~10~Co~6~/MgO interfaces. In the vicinity of *E*~F~, there are enhanced hybridization peaks indicated by dashed lines in Fe~12~CO~4~/MgO and Fe~10~Co~6~/MgO, implying an increased occupancy of $\documentclass[12pt]{minimal}
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                    \end{document}$ states through spin-orbital interaction, leading to enhanced *d*~*xz,yz*~ occupancy. According to the previous reports, *d*~*xz,yz*~ orbital plays an important role in the out-of-plane components of PMA \[[@CR27]\]. Therefore, the Fe atoms in Fe~12~Co~4~/MgO and Fe~10~Co~6~/MgO will somehow increase the positive contribution to PMA due to the enhanced Fe-O hybridization.Figure 2**Majority-spin (positive) and minority-spin (negative) DOS of** $\documentclass[12pt]{minimal}
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To further understand the contributions from Fe atoms to PMA in Fe~1−*x*~Co~*x*~/MgO systems, we consider the second-order perturbative contribution of spin-orbit coupling (SOC) to magnetocrystalline anisotropy energies $\documentclass[12pt]{minimal}
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                    \end{document}$ is positive. Different from Fe/MgO, the matrix elements 〈*x*^2^−*y*^2^\|*L*~*z*~\|*xy*〉 in Fe~12~Co~4~/MgO and Fe~10~Co~6~/MgO are quite small because of the greatly reduced unoccupied minority-spin *d*~*xy*~ states. The other obvious changes are the increase of occupied minority-spin *d*~*yz*~ states in both Fe~12~Co~4~/MgO and Fe~10~Co~6~/MgO and the decrease of unoccupied minority-spin $\documentclass[12pt]{minimal}
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                    \end{document}$ states, which will amplify the positive value of 〈*xz*\|*L*~*z*~\|*yz*〉 and diminish the negative value of 〈*yz*\|*L*~*x*~\|*x*^2^−*y*^2^〉. As a result, the contributions from Fe atoms in Fe~12~Co~4~/MgO and Fe~10~Co~6~/MgO to PMA are larger than those in Fe/MgO, which confirms the speculation based on Fe-O hybridization.Figure 3**Majority-spin (positive) and minority-spin (negative) DOS projected to Fe-3** ***d*** **orbital components (a-d).** Fe/MgO interface (black), Fe~12~Co~4~/MgO interface (red), and Fe~10~Co~6~/MgO interface (green).

In the following, the contributions from Co atoms are taken into consideration. The DOS of Co-*d*~*xy*~, *d*~*xz,yz*~, $\documentclass[12pt]{minimal}
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                    \end{document}$ at Fe~12~Co~4~/MgO and Fe~10~Co~6~/MgO interfaces are shown in Figure [4](#Fig4){ref-type="fig"}a,b,c,d. Since Co atoms at Fe~10~Co~6~/MgO interface are not symmetrical, we present their DOS separately. Co~1~ represents the Co atom at the edge of the interface, and Co~2~ represents the Co atom in the center of the interface. Different from Fe-*d*~*yz*~ states, the unoccupied Co-*d*~*yz*~ states around *E*~F~ are relatively small in Fe~12~Co~4~/MgO; thus, the negative matrix element 〈*x*^2^−*y*^2^\|*L*~*x*~\|*yz*〉 is much smaller than that of Fe/MgO. The other negative contribution arising from 〈*yz*\|*L*~*x*~\|*xy*〉 is comparable to the negative matrix element 〈*yz*\|*L*~*x*~\|*x*^2^−*y*^2^〉 in Fe/MgO. In addition, the positive contribution of *L*~*z*~ connecting occupied $\documentclass[12pt]{minimal}
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                    \end{document}$ and unoccupied *d*~*xy*~ states in Fe~12~Co~4~/MgO is comparable to that in Fe/MgO. In general, Co atoms in Fe~12~Co~4~/MgO contribute much more to PMA than Fe atoms in Fe/MgO. In the light of these, the PMA value contributed from both Fe and Co atoms is much larger in Fe~12~Co~4~/MgO than in Fe/MgO. In Fe~10~Co~6~/MgO, the positive matrix element 〈*x*^2^−*y*^2^\|*L*~*z*~\|*xy*〉 decreases due to the reduced unoccupied *d*~*xy*~ states for Co~1~ atom. It deceases even more for Co~2~ atom because of the very small unoccupied *d*~*xy*~ states. Consequently, the contribution from Co atoms in Fe~10~Co~6~/MgO is much smaller than Co atoms in Fe~12~Co~4~, resulting in a relative small value of PMA.Figure 4**Majority-spin (positive) and minority-spin (negative) DOS projected to Co-3** ***d*** **orbital components (a-d).** Fe~12~Co~4~/MgO interface (black) and Fe~10~Co~6~/MgO interface. Co~1~ (red) represents the Co atom at the edge of the interface, and Co~2~ (green) represents the Co atom in the center of the interface.

In order to give a more intuitive comparison of the contributions of Fe and Co atoms, we calculated the differential charge density. Figures [5](#Fig5){ref-type="fig"}a,b shows the differential charge density of Fe~12~Co~4~/MgO and Fe/MgO at the sites where Fe atoms are replaced by Co atoms at interface. Compared with Fe atoms in Fe/MgO, Co atoms in Fe~12~Co~4~/MgO have larger *d*~*xz,yz*~ and *d*~*xy*~ occupancy but smaller $\documentclass[12pt]{minimal}
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                    \end{document}$ occupancy increases, but the *d*~*xz,yz*~ occupancy largely decreases. In addition, the *d*~*xy*~ states enhance dramatically. As a result, Co~2~ atom in Fe~10~Co~6~/MgO contributes much less to PMA than Fe atom in Fe~12~Co~4~/MgO, which agrees well with the estimation from the second-order perturbation of SOC.Figure 5**The differential charge density. (a)**, **(b)** Fe/MgO and Fe~12~Co~4~/MgO interfaces where Co take Fe site; **(c)**, **(d)** Fe~12~Co~4~/MgO and Fe~10~Co~6~/MgO interfaces where extra Co take center Fe site.

Conclusions {#Sec4}
===========

In summary, we have presented first-principles studies of PMA in Fe~1−*x*~Co~*x*~/MgO as a function of the Co composition and strong PMA with an amplitude of 7.1 mV is discovered in Fe~12~Co~4~/MgO. The change of Co composition modulates the DOS of Fe and Co atoms around *E*~F~ and varies their contributions to PMA. The enhanced PMA in Fe~12~Co~4~/MgO is ascribed to the optimized combination of interface occupied and unoccupied 3*d* states around *E*~F~, where both Fe and Co atoms make a large out-of-plane contribution and a small in-plane contribution. The weaker PMA in Fe~10~Co~6~/MgO is due to the sharply decreased unoccupied Co-*d*~*xy*~ states around *E*~F~ and dramatically increased Co-*d*~*xy*~ occupancy, where Co atoms especially the Co atom at the center of interface make a small out-of-plane contribution. The horizontal magnetic anisotropy in Fe~8~Co~8~/MgO is mainly resulted from the attenuation of interface hybridization and the small *c*/*a* ratio. Therefore, reasonable adjustment of Fe-Co combination in Fe~1−*x*~Co~*x*~/MgO magnetic tunnel junctions will enhance PMA and is worthy of further investigation. This work provides a basis method to investigate promising building blocks for future high-density memories.
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